Introduction 25
Photodetection of pulsed or amplitude-modulated laser sources is one of the most basic 26 components of photonic systems. Beyond ubiquitous lightwave communications systems, for 27 some applications it is important to precisely know the arrival time of a light pulse, the timing 28 structure of complex amplitude modulation on a pulse burst, or simply the rate of a periodic train of 29 pulses. For example, photodetection of precisely timed signals is important for optical links used in 1 extracting microwave signals from a mode-locked laser pulse train have recently been developed 2 to address issues related to excess noise in photodetection [6] , [20] .
3
In this paper, we characterize the power-to-phase conversion that arises in part due to 4 saturation and other nonlinearities in photodiodes driven by the pulse train from a mode-locked 5 laser. Measurements are carried out on three InGaAs P-I-N photodiodes, described in Section 2, 6 which are illuminated with the 1 GHz repetitive output of a mode-locked Ti:sapphire laser. We 7 describe two techniques for measuring a 10 GHz amplitude-to-phase (AM-to-PM) coefficient, α, 
Experimental Setup 28
The three photodiodes have essentially identical internal semiconductor structure with different 29 external features that affect saturation and photodiode performance (Figure 1a-c) . The main 30 structure is a p-side illuminated InGaAs photodiode with a 1 µm thick InP cap layer, which is 31 transparent at wavelengths greater than 1000 nm; however, there is considerable absorption in this 32 layer at 900 nm where the Ti:sapphire laser we employ operates. The photodiodes are packaged 33 with coupling to a short (<1 m) step index fiber pigtail having ~9 µm core. Additionally, they are 34 internally terminated with a 50 Ω matching resistor and reverse biased up to 9 V. The output 35 microwave connection is via a coaxial (SMA) connector. The basic setup for connecting the 36 photodiodes to the laser source is shown in Figure 1d . A concise description of the main 37 differences of the three photodiodes is presented in Table 1 .
38
The first photodiode, PD1, is a 22 GHz bandwidth, 30 µm photodiode with responsivity of 39 0.3 A/W at 900. The internal structure of the second photodiode, PD2, is identical to PD1; its 40 unique feature is an integrated graded-index (GRIN) lens at the end of its SMF coupling fiber (see For the characterization of power-to-phase conversion in the photodiodes, the optical signal is 48 generated from a 1 GHz repetition rate Ti:sapphire laser with a spectral peak centered around 900 49 nm containing 70 % of the total power [23] , [24] . The bandwidth below 880 nm contains 25 % of the 50 power ( Figure 2) . As already noted, the 900 nm wavelength is not ideally matched to maximize the responsivity and the bandwidth of the InGaAs photodiodes; however, this laser is employed in 1 these tests because it is the source that has been previously used in the generation of low phase 2 noise microwave signals [9], [10] . Moreover, we have found that in spite of the reduced responsivity 3 relative to illumination at 1550 nm, the 10 GHz microwave power obtained after photodetection of 4 this source exceeds that which is achieved with ~100 MHz repetition rate mode-locked Erbium fiber 5 lasers.
6
The free space beam is coupled into a one meter SMF patch fiber, which is then coupled to the 
Measurement Methods 24
As mentioned in Section 1, we define an AM-to-PM coefficient, α, as the induced RMS phase 25 variation arising from a fractional power fluctuation (ΔP/P o ). While α could be generally defined and 26 measured for any frequency, we restrict most of our attention to the 10 GHz harmonic of the 27 generated photocurrent. In order to calculate this coefficient, one must measure RMS phase 28 fluctuations on the microwave signal from the photodiode in response to power modulation on the 29 incident light. Here, we present two measurement techniques, which are described in detail below.
30
The primary technique we have studied employs a microwave phase bridge that permits the filter wheel that is used to control the average optical power on the photodiode. At this point, the 20 beam is coupled into fiber, which is then connected to the fiber pigtailed photodiode, as shown 21 previously in Figure 1d . As we will discuss in Section 4, it is important to note that changing the 22 fiber configuration in the system can affect AM-to-PM as well. shown are averages of multiple measurements. PD2 and PD3 show consistently lower α across a wide range of photocurrent than PD1. This is consistent with the design parameters of these 1 photodiodes (described in Fig. 1 and Table 1 ), which were implemented to reduce current density, 2 saturation and related nonlinear effects. The impulse response measurements shown in the 3 following section further confirm this higher power handling capability of PD2 and PD3 relative to 4 PD1. The implication of these measurements is that reduction in photodiode nonlinearity indeed 5 results in reduced AM-to-PM conversion. We note that low AM-to-PM at the largest photocurrent is 6 especially desirable from the point of view of minimizing the shot-noise floor of generated 7 microwave signals [18], [33] . In this regard, α for PD3 is below 0.4 rad up to a photocurrent of 8 nearly 8 mA. The dashed green line indicates the measurement floor of the system; that is, how 9 much AM-to-PM is present in the microwave components without the photodiodes. This is 10 determined by using a 10 GHz synthesizer in place of the laser and photodiode in the phase bridge 11 and measuring the AM-to-PM at varying signal power.
12
The most striking feature in the data of Figure 4 is the presence of nulls in the measured α of 13 PD1 and PD2, indicating photocurrents where AM-to-PM conversion approaches zero. Such nulls 14 were observed in earlier measurements [15] , and at that time were attributed to impedance 
39
The results are shown in Figure 5b -d. As the optical power is increased, a phase delay is 40 evident by a time shift of the pulse's center of mass. Note that the effect is larger for PD1 (Fig. 5b) 
41
and PD2 (Fig. 5c ) than for PD3 (Fig. 5d) . As observed by others [15] , [16] , [25] , this confirms that 42 the structural differences in the photodiodes decrease the peak current density and reduce the 43 saturation-induced delays, which give rise to AM-to-PM conversion.
44
The Fourier transform of the impulse response provides the RF phase in radians for a given 
7
The results of the impulse response method for all three photodiodes are shown in Figure 7. 8 Figure 7a shows α calculated using the cubic polynomial fits, which approximate the shape of the 9 phase changes and smooth possible noise in the data. A better fit and higher resolution can be 10 obtained by taking more points close together (that is, changing optical power by smaller steps).
11
The data go through one or two nulls and then rise to 1 rad or more at higher photocurrents. These 12 nulls, given by derivatives of the cubic polynomial at an inflection point, were also seen in the direct 13 measurement of α with the phase bridge method for PD1 and PD2 (see Figure 4) . 14 In addition to using polynomial fits for derivatives, one also can generate the slope from a point-
15
by-point derivative; that is, taking the "slope" of each pair of consecutive data points. This better 16 represents the natural rise or fall of the phase with respect to power; however, this method is more 17 susceptible to sudden, noisy jumps in the data. This method is shown in Figure 7b . We also see a 18 large spike in α for PD1 in Figure 7b near 4 mA, which corresponds almost exactly to the peak and 19 nulls seen in Figure 4 with the phase bridge method. However, the relative α levels for the three 20 photodiodes are two times the levels given by the phase bridge method. This is likely due to the 21 sensitivity of the point derivative method to jumps in the data.
22
To help minimize these jumps, one can also apply various types of numerical filters to smooth 23 point derivatives. An in-depth analysis of these filters will not be presented in this paper, but we 
Results and Comparisons 28
In this section, we discuss the results and implications of the measurement of AM-to-PM 29 conversion in the three photodiodes. The phase bridge and impulse response methods of 30 measuring α show agreement within a factor of two or less, in some cases matching exactly. As 31 already noted, while the phase bridge technique is considered to be more precise, the impulse 32 response measurement has the advantage of simplified data acquisition. However, in our present 33 implementation, this comes at the expense of increased noise and greater ambiguity in data 34 analysis.
35
In principle, operating at a null for α would be ideal for experiments focused on the generation 36 of low phase noise microwaves. This is especially the case for a null at a higher photocurrent. From operating at 1300 nm has verified this assertion [19] . However, the dependence of the AM-to-PM 32 coefficient on optical power (photocurrent) in that case appears to be different than our 
